Abstract-The slow wave activity was measured in the magnetoenterogram (MENG) of normal porcine subjects (N = 5) with segmental intestinal ischemia. The correlation changes in enteric slow wave activity were determined in MENG and serosal electromyograms (EMG). MENG recordings show significant changes in the frequency and power distribution of enteric slow-wave signals during segmental ischemia, and these changes agree with changes observed in the serosal EMG. There was a high degree of correlation between the frequency of the electrical activity recorded in MENG and in serosal EMG (r = 0.97). The percentage of power distributed in brady-and normoenteric frequency ranges exhibited significant segmental ischemic changes. Our results suggest that noninvasive MENG detects ischemic changes in isolated small bowel segments. The small intestine exhibits a stepwise gradient in slow wave frequency from about 12 cycles per minute (cpm) in the normal human duodenum to between 9 and 11 cpm in the jejunum and around 8 cpm in the ileum [5] , [6] . Disease states such as ischemia and motility disorders of the small bowel are known to alter the normal enteric slow wave activity [7] , [8] . Most methods of studying enteric slow wave activity have relied upon The cutaneous electroenterogram (EENG) records the cutaneous potentials associated with intestinal slow waves. Distortion and attenuation from alternating low-and high-conductivity layers in the abdominal volume conductor reduces the signalto-noise ratio which limits the potential use of cutaneous electrode recordings in clinical settings [12] . Chen et al. measured electrical activity of the human small intestine using cutaneous electrodes and noted a very low signal-to-noise ratio. The signal required extensive filtering to remove physiological interferences such as gastric signals and respiration artifacts [10], [13] . Moreover, the patients used in the study had jejunostomy feeding tubes placed, which would unnaturally improve the conduction pathway between the bioelectric intestinal source and the cutaneous electrode. Recently, Prats-Boluda et al. have proposed the use of Laplacian abdominal surface recording for the identification of slow wave components of the EENG, but it remains to be seen whether these techniques overcome the limitations associated with a high body mass index particularly since the Laplacian operator tends to exacerbate noise in high spatial frequencies [14] , [15] .
invasive techniques which have involved placing electrodes on either the mucosal or the serosal surface of the small intestine [9] . The difficulties in gaining access to the digestive tract have limited the development of invasive techniques for recording slow wave activity. For this reason, noninvasive methods for monitoring intestinal slow wave activity and detecting the early signs of ischemia have garnered interest in recent years [10] , [11] .
The cutaneous electroenterogram (EENG) records the cutaneous potentials associated with intestinal slow waves. Distortion and attenuation from alternating low-and high-conductivity layers in the abdominal volume conductor reduces the signalto-noise ratio which limits the potential use of cutaneous electrode recordings in clinical settings [12] . Chen et al. measured electrical activity of the human small intestine using cutaneous electrodes and noted a very low signal-to-noise ratio. The signal required extensive filtering to remove physiological interferences such as gastric signals and respiration artifacts [10] , [13] . Moreover, the patients used in the study had jejunostomy feeding tubes placed, which would unnaturally improve the conduction pathway between the bioelectric intestinal source and the cutaneous electrode. Recently, Prats-Boluda et al. have proposed the use of Laplacian abdominal surface recording for the identification of slow wave components of the EENG, but it remains to be seen whether these techniques overcome the limitations associated with a high body mass index particularly since the Laplacian operator tends to exacerbate noise in high spatial frequencies [14] , [15] .
The magnetoenterogram (MENG) records the magnetic fields associated with intestinal electrical activity. Previous studies by several research groups have demonstrated that MENG overcomes many of the limitations of EENG [16] [17] [18] . MENG can differentiate physiological from nonphysiological electrical activity [6] , detect characteristics of slow wave propagation [19] , identify uncoupling of the electrical syncytium [20] , and distinguish spiking activity [21] . Studies in our laboratory have been the first to demonstrate the ability of MENG to detect changes in the slow wave frequency after the onset of global ischemia in animal models [11] , [22] . To date, however, no studies have identified isolated ischemia in small bowel segments. We hypothesized that superconducting quantum interference device (SQUID) measurements of the intestinal magnetic field activity could distinguish segmental ischemia from normal activity. Furthermore, we expect that the ischemic changes in intestinal biomagnetic activity were similar to changes observed in serosal EMG. Clinical situations like strangulated segment of small bowel from internal hernias, volvulus or vascular occlusion are mimicked in this study design.
II. PROCEDURE

A. Materials and Methods
All animal studies were reviewed and approved by the Vanderbilt Institutional Animal Care and Use Committee. Electrical potential and magnetic measurements were made simultaneously in adult pigs (N = 5) with mean body weight of 36.8 ± 2 kg (mean ± standard deviation). We recorded serosal EMG using nonmagnetic silver electrode platforms and we measured MENG using the Tristan Model 637 SQUID magnetometer. The test subject was anesthetized and laparotomy was performed in order to place electrodes and snare suture, subsequently allowing induction of segmental ischemia on the small bowel. Ag/AgCl electrodes were sutured onto the serosal surface of the small intestine at the following sites: Platform I-four electrodes, located on the most distal portion of the segmental ischemic region in the jejunum (16 from the Ligament of Treitz); Platform II-four electrodes, located on the proximal segmental ischemic region of the jejunum (8 from the Ligament of Treitz); Platform III-four electrodes, placed at the Ligament of Treitz in the very proximal duodenum which is not ischemic; Platform IV-four electrodes, located on the distal ileum immediately proximal to the ileocecal junction and also not ischemic; and Platform V-sixteen electrodes, located directly in the middle of the segmental ischemic region in the jejunum (from 8 -16 distal to the Ligament of Treitz). We created mesenteric windows on the mesentery adjacent to the 8 bowel segment for the study and loosely placed a snare suture around the mesenteric vessels. We then closed the abdominal wound in layers.
To obtain biomagnetic recordings, the animals were placed underneath the SQUID magnetometer in a shielded room with the detection coils located directly above the serosal electrode platform. The SQUID has 19 normal-component sensors in a hexagonal, close-packed array that measure magnetic fields perpendicular to the body surface when a subject lies underneath the device. Ten additional sensors measure tangential components of the magnetic field at locations at the top, bottom, sides, and in the middle of the normal-component sensor array. The SQUIDs convert magnetic flux into voltage signals, which are then amplified (Model 5000, Quantum Design), digitized, and stored on a PC. SQUID and electrode signals were time-synced during collection. Continuous recordings of electrical potentials and magnetic fields were obtained from the SQUID and the serosal electrodes. After baseline recordings were taken for 30 min, a second laparotomy was performed to permanently tighten the snare suture and induce segmental ischemia on the isolated small bowel segment. The abdominal incision was then closed in layers. We determined the length of ischemic bowel segment in these subjects by visual inspection. Minor variation in size of ischemic bowel segment between porcine subjects was not statistically significant (p ≥ 0.05). All surgical procedures in this study were done by a trained surgeon who applied basic surgical techniques and principles to minimize tissue damage. The animals were studied for 60 min after induction of segmental ischemia in the jejunum, 8 -16 from the Ligament of Treitz. Throughout the duration of the experiment, the respiration rate was held constant at 26 cpm using a mechanical ventilator. At several times during data collection, respiration was suspended to provide periods of reduced motion [19] .
B. Data Acquisition
Electrode signals were acquired at 256 Hz with the electrode amplifier and resampled to 30 Hz. SQUID signals were passed into a preamplifier stage (Model 5000, Quantum Design, San Diego) with a gain of 5 and a low-pass filter set to 1 kHz. Data were acquired at 3 kHz and subsequently down sampled to 30 Hz. For all studies, the data acquired from 17 normalcomponent SQUID sensors were used; two sensors were not in service due to sensor malfunction.
C. Data Analysis
All simultaneously recorded SQUID and serosal signals were subjected to spectral analysis. Recorded signals were loaded into MATLAB (Mathworks, Natick, MA, USA) and filtered using continuous wavelet transform (CWT) digital filter based on Morlet wavelet with a bandpass of 9-120 cpm. We computed power spectra using the fast fourier transform. For SQUID signals, in addition to filtering, we also applied the secondorder blind identification (SOBI) signal processing algorithm to reduce the interfering noise signals [6] , [23] . After applying SOBI, primarily sinusoidal signals in the normal enteric frequency range (9-20 cpm) and artifact-related components were identified [6] . Enteric SOBI signals were reconstructed onto the sensor array, allowing us to localize enteric sources. The mean frequencies of both serosal EMG and MENG recordings were calculated during baseline and ischemic periods for each animal. The results are expressed as mean ± standard error of the mean. The paired Student's t-test was used to compare baseline and ischemic frequencies. Statistical significance was set at p < 0.05. Correlation between the magnetic and electrical frequencies was determined by calculating the correlation coefficient (r) value. In addition, we determined the percentage of power distributed (PPD) in the power spectra in frequency ranges defined as bradyenteric (lower than two standard deviations from the mean baseline enteric frequency determined by serosal and magnetic recordings) and tachyenteric (higher than two standard deviations from the mean baseline enteric frequency) [24] .
III. RESULTS
Since respiration and other artifactual signals can dominate enteric signatures in the MENG, we used enteric SOBI components reconstructed to the sensor array to identify enteric slow waves, as outlined in Fig. 1 [6] . A typical bandpass filtered MENG signal during baseline is shown in Fig. 1(a.1) . SOBI components computed from the filtered MENG are shown in Fig. 1(a.2) and the corresponding power spectra are shown in Fig. 1(a.3) . Fig. 1(a.4) represents the reconstructed power spectra which show how the MENG-SOBI components are distributed around the sensor array. The SOBI components used in the reconstruction are marked with * . Fig. 1(b.1)-(b.4) represents the CWT filtered MENG signals, MENG-SOBI components, MENG-SOBI frequency spectra and its reconstructed power spectra during ischemia. We used dominant frequencies from serosal potential measurements made from the five specific sites along the small intestine as a standard to validate the reconstructed SOBI-MENG components. The resulting reconstructed SOBI-MENG signals have peak frequencies characteristic of the frequency of serosal EMG recorded on bowel segments near each sensor. Based on the approximate location of the SQUID array in reference to the subject's anatomy, the central part of the SQUID array corresponded with jejunum, the upper part of the array to duodenum, and the lower part of the sensor array to the ileum components.
A typical set of baseline CWT-filtered serosal EMG signals and power spectra obtained from each bowel section is shown in Fig. 2(a) . The dominant frequencies obtained by reconstructing enteric MENG-SOBI component on to the sensor array enable the identification of different small bowel sections, as shown in Fig. 2(b) . Baseline recording showed a consistent enteric slow wave frequency in duodenum, jejunum, and ileum in all five test subjects in both serosal and SQUID recordings. The jejunal slow wave frequency determined from SOBI-MENG decreased from 15.2 ± 0.4 cpm at baseline to 10.0 ± 0.2 cpm after 30 min of ischemia (p < 0.001), as illustrated in Fig. 3(a) . The slow wave recorded in serosal EMG decreased in frequency from a mean baseline value of 15.3 ± 0.6 to 10.3 ± 0.2 cpm after 30 min of ischemia (p < 0.001), also shown in Fig. 3(a) . There was no difference between serosal EMG and MENG slow wave frequencies in baseline (p = 0.53) or ischemia (p = 0.50). The percent power distribution (PPD) in frequency ranges associated with normal slow waves, bradyenteria, and tachyenteria may indicate functional changes in the enteric slow wave. In this study, bradyenteric PPD for jejunum component increased significantly during ischemia in both serosal EMG (p < 0.001) and MENG (p < 0.01). Both MENG and EMG recordings have significantly less power in the normal frequency range during ischemia (p < 0.01 for MENG; p < 0.001 for EMG). There was no significant change in power at tachyenteric frequencies (p = 0.33 for MENG; p = 0.43 for EMG) during ischemia, as shown in Fig. 5 .
IV. DISCUSSION AND CONCLUSIONS
Our research group first recorded MENG from the intestinal slow waves in animals [25] , [26] and subsequently in human subjects [27] . Unlike serosal EMG, which measures the electrical activity at a specific location, MENG using SQUID magnetometers detect and differentiate magnetic signals from different areas of the abdominal cavity. Our group has investigated the effect of ischemia on small bowel electrical activity using noninvasive biomagnetic techniques [28] [29] [30] [31] . Frequency, amplitude, and propagation velocity of the intestinal slow waves were observed to decrease during ischemia [32] . These studies demonstrated that intestinal ischemia may be detected noninvasively at an early stage using MENG measurements. Although intensive research effort has been directed on noninvasive detection of ischemic bowel, identification of isolated ischemic bowel segments has not been previously reported.
The ability of SQUID to spatially identify slow wave activity of the stomach and different parts of the small intestine is instrumental in identifying these ischemic bowel segments while simultaneously detecting normal bowel magnetic fields. In our previous studies, Siedel et al. utilized approximately 47 of the free-lying small bowel in the rabbit model to detect global mesenteric ischemia by ligating the superior mesenteric artery [29] . This study demonstrates the first noninvasive detection of an isolated ischemic bowel segment of approximately 8 in the swine model. We detected significant decreases in slow wave frequency with MENG channels directly above the affected segment that were highly correlated with similar changes in serosal EMG.
Previous studies in our lab showed that the eight-element noise array in the Tristan 637 magnetometer were insufficient for separating and classifying signals from distinct intestinal sources in raw magnetic-field data [9] . In order to identify segments of ischemic bowel, our studies utilized CWT-filtered and SOBI-separated MENG signals. We found that SOBI, a blind source separation technique, allowed the separation and identification of enteric slow wave signals from noisy, artifactcontaminated SQUID measurements [6] , and to identify ischemic and normal intestinal slow wave components from raw or filtered SQUID data. We select SOBI components to retain or to eliminate based on frequency content and signal periodicity, and reconstruct the noise-reduced SQUID signal at each sensor location. This spatial reconstruction of SOBI components allows us to distinguish normal and ischemic bowel segments. We conclude that the use of SOBI to isolate noise from intestinal signals and to separate normal from ischemic signals is the most useful signal processing technique for identification of pathologic intestinal magnetic fields to date in our investigation of this diagnostic modality.
A previous study by Tang et al. used SOBI to identify and localize neuronal sources using magnetoencephalography components [33] . In our study, the spatial distribution of the coils and the use of SOBI allowed us to detect the normal duodenum, ischemic jejunum, and normal ileum. Since normal ileum and ischemic jejunum components are in approximately the same frequency range, the selection of appropriate sensors in the magnetometer array is critical for the identification of these components. Central array channels exactly above platform V were used to identify the jejunal components. In all five animal models, we observed magnetic field baseline changes in response to segmental ischemia in the central array sensors. The lower array sensors record exactly the same ileal frequency before and during ischemia. However, the overlap in frequency observed could lead to the incorrect identification of closely apposed normal bowel as ischemic, suggesting that concomitant structural studies may be necessary.
Our study demonstrated a strong correlation between the enteric slow wave frequency determined by invasive serosal electrodes and those recorded by noninvasive SQUID magnetometer. We observed a significant increase in the PPD in bradyenteric frequencies in both serosal and MENG recordings during ischemia. Bradshaw et al. observed a similar PPD effect in uncoupled gastric musculature [20] . A previous study by Seidel et al. reported the detection of intestinal tachyarrhythmias during small bowel ischemia in rabbit models using serosal EMG recordings [34] . In our study, in addition to our analysis in the normal enteric frequency range, we also analyzed higher frequencies (between 20 and 60 cpm) to identify tachyarrhythmias during segmental ischemia. Interestingly, we did not observed changes in tachyenteric signals during ischemia in porcine subjects in either serosal or MENG recordings.
Our findings suggest that noninvasive MENG can identify signatures of isolated ischemia in bowel segments as small as 8 in length with surrounding normal bowel. These magnetic signatures agree with serosal electrode recordings.
With respect to clinical application, the relative mobility of intestinal loops and its mesentery in the abdominal cavity of most human provide a significant challenge due to lack of fixed spatial location maps. However, we believe that we can create and average the distribution of normal small intestinal slow wave signal characteristics at anatomic fixed points of human intestine like ligament of Treitz and ileocecal junction. We can compare against these values to determine, diagnostic signature of intestinal ischemia in suspected individuals. We will continue to investigate the application of SOBI and other related noise-reduction techniques to localize ischemic bowel for early noninvasive detection of this life-threatening disease.
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